Tobacco smoke (TS) is the major cause of human cancer. More than 80% of lung cancers and 50% of bladder cancers are TS related ([@r1]). Recently, it has been found that both lung and bladder tumors carry numerous mutations, including those in oncogenes and tumor suppressor genes, indicating that TS induces mutagenic DNA damage in lung and bladder cells ([@r2], [@r3]). Indeed, it has been found that TS contains more than 60 documented cancer-causing agents that can induce DNA damage and mutations in human cells ([@r4], [@r5]). However, the identity of and cancer-causing mechanisms of the TS agents responsible for the induction of lung and bladder cancer remain controversial ([@r6][@r7]--[@r8]). Numerous studies have linked polycyclic aromatic hydrocarbons (PAHs), aromatic amines, and nitrosamines to human cancers, including lung and bladder cancer, and indeed, many of the PAHs and nitrosamines in TS per cigarette (cig) are potent carcinogens in animal models ([@r9][@r10][@r11]--[@r12]). However, the amounts of PAHs (up to 2 µg) and nitrosamines (up to 0.2 µg) in TS are relatively minute ([@r13], [@r14]). The TS lung carcinogenicity of PAHs has also been seriously challenged by the findings that the so-called TS-induced DNA adducts detected in the thin-layer chromatography (TLC) diagonal zone are, in fact, aldehyde-induced DNA adducts, rather than PAHs-related adducts ([@r15]). It is worth noting that the amount of aldehydes including acrolein (Acr) in TS is more than a 1,000 times greater than those of PAHs and nitrosamines ([@r15][@r16]--[@r17]). Furthermore, it has been found that, in human bronchial epithelial cells, the distribution of DNA damage in the p53 gene induced by both the TS Acr and PAHs coincides with the p53 mutation spectrum in lung cancer ([@r8]).

Although TS nitrosamines such as 4-(methylnitrosamine)-1-(3-pyridyl)-1-butanone (NNK) and *N′*-nitrosonornicotine (NNN) are potent carcinogens in animal models that can induce cancer in different tissues including lung tissue, these nitrosamines induce mainly G-to-A transition mutations ([@r18], [@r19]), whereas the major mutations observed in TS-related human lung cancer are G-to-T mutations ([@r20], [@r21]).

These results raise the possibility that the role of various carcinogens in TS may be different from that of the individual carcinogens in isolation because of the effects of the over 6,000 TS chemicals on each other's absorption, metabolism, and deposition. It is also likely that components in TS may interact with each other, resulting in attenuating or enhancing their carcinogenic potentials. If this is the case, then, to understand the carcinogenic mechanisms of TS, assess cancer risk of TS, and design effective TS-related cancer prevention measures, investigations should be focused on the determination of DNA damage, mutagenicity, and carcinogenicity of total TS, rather than on the individual carcinogens found in TS.

To address these important questions, we have determined the major types of DNA adducts in different organs of mice exposed to mainstream TS (MTS). Specifically, we quantified cyclic 1,*N*^2^-propano-dG (PdG), benzo(*a*)pyrene diol epoxide (BPDE)-dG, and *O*^6^-methyl-dG (*O*^6^-medG) adducts induced by three major DNA-damaging carcinogens in TS---namely, aldehydes, benzo(*a*)pyrene (BP), and NNK ([@r22][@r23]--[@r24]). We also determined the effects of MTS on DNA repair capacity and DNA repair protein expression in lung tissues. We found that Acr-derived γ-hydroxy-1,*N*^2^-PdG (γ-OH-PdG) is the major type of adduct, and acetaldehyde (Acet)- and crotonaldehyde (Cro)-derived (6*R*,8*R*)-α-methyl-γ-hydroxy-PdG (α-meth-γ-OH-PdG) is the minor adduct in lung. Only γ-OH-PdG is formed in bladder, and these PdG adducts do not form in heart or liver. TS does not enhance BPDE-dG or *O*^6^-medG DNA adduct formation in any of these organs, even though the amount of these compounds found in TS when isolated is sufficient to induce DNA damage in mice ([@r25][@r26][@r27]--[@r28]). MTS inhibits both nucleotide and base excision repair (NER and BER) and reduces the levels of the DNA repair proteins XPC and OGG1/2. We found that diet Polyphenon E (PPE) could prevent these TS effects: induction of aldehyde-DNA adducts, inhibition of DNA repair, and reduction of DNA repair proteins. Significantly, we found that γ-OH-PdG and α-meth-γ-OH-PdG, but not BPDE-dG and *O*^6^-medG, are the two major adducts formed in buccal cells and lung tissues of tobacco smokers. We found that Acr can prevent BP and NNK from becoming DNA-damaging agents in human lung and bladder epithelial cells. Based on these results, we propose that aldehydes, rather than PAHs and nitrosamines, are the major TS carcinogens and that aldehyde carcinogenic effects can be effectively prevented by diet polyphenols.

Results {#s1}
=======

MTS Induces PdG in Lung and Bladder in Mice. {#s2}
--------------------------------------------

The carcinogenicities of aldehydes, PAHs, and nitrosamines have been well established ([@r28][@r29]--[@r30]), and results from cultured cell studies clearly demonstrate that TS aldehydes, such as Acr, Acet, and Cro, as well as metabolically activated PAHs and nitrosamines, can induce mutagenic DNA damage ([@r8], [@r31], [@r32]). Therefore, a crucial factor determining the roles of these different carcinogens in TS-induced human cancer is their efficiency in inducing DNA damage in different tissues of animals and humans exposed to TS. To address this question, we measured PdG, BPDE-dG, and *O*^6^-medG adducts in lung, bladder mucosa, heart, and liver tissues of mice exposed to TS. Mice were exposed to MTS at the level of ∼75 mg/m^3^ for 12 wk, which is equivalent to the TS exposure of a habitual smoker with 40 pack-year history. PdG adducts were first measured by an immunochemical method, using a monoclonal antibody against PdG adducts ([@r33][@r34]--[@r35]). The results in [Fig. 1 *A* and *B*](#fig01){ref-type="fig"} show that MTS induced significant levels of PdG adducts in lung (*P* \< 0.0001) and bladder (*P* \< 0.0001) tissues, but not in heart or liver tissues. The PdG adducts formed in lung and bladder tissues were further analyzed by a ^32^P-postlabeling and 2D-TLC/HPLC method ([@r34], [@r35]). The results in [Fig. 1 *C* and *D*](#fig01){ref-type="fig"} show that two types of PdG adducts, γ-OH-PdG and α-meth-γ-OH-PdG, were formed in lung tissue and that the level of γ-OH-PdG adducts was eightfold higher than the level of α-meth-γ-OH-PdG adducts. In contrast, only γ-OH-PdG adducts were formed in bladder tissue.

![Mainstream tobacco smoke (MTS) induces γ-OH-PdG and α-meth-γ-OH-PdG in lung and γ-OH-PdG in bladder, but not in heart and liver. Polyphenol E (PPE) can prevent this TS effect. Two groups of mice (20 mice per group) were fed a control diet or diet containing 0.1% PPE. Ten mice from each group were either exposed to filtered air (FA) or MTS for 12 wk, as described in the text. Genomic DNAs from lung, heart, liver, and bladder tissues were prepared as described ([@r34]). PdG formation in these tissues was analyzed by an immunochemical method using a monoclonal antibody against PdG and quantum dot-labeled secondary antibody, as previously described ([@r33]). Each sample was measured two to four times. Typical slot blot hybridization results (*Upper*, antibody reaction; *Lower*, input DNA) are shown in *A*, and the quantification results are shown in *B*. Lines represent the geometric average values. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, and \**P* \< 0.05. PdG adduct formation in the lung and bladder tissues was further analyzed by a ^32^P-postlabeling 2D-TLC/HPLC method, as previously described ([@r34]). (*C*) Typical 2D-TLC chromatographic autoradiograms. (*D*) The spots circled in *C* were extracted and further analyzed by an HPLC method ([@r34]). The elution positions of the standard γ-OH-PdG adduct and the α-meth-γ-OH-PdG adducts are indicated by the arrows. Note: MTS induced γ-OHPdG and α-meth-γ-OH-PdG in lung and γ-OH-PdG in bladder tissues, but not in heart and liver tissues. PPE prevented both types of DNA adduct formation in lung and bladder tissues in mice exposed to MTS, but PPE did not affect PdG adduct formation in lung and bladder tissues of the control mice. FA, mice exposed to FA; MTS, mice exposed to MTS; MTS + PPE, mice fed with diet with PPE and exposed to MTS; Std, standard DNA with different PdG levels.](pnas.1804869115fig01){#fig01}

Since TS contains up to 500 μg per cig Acr, 40--50 μg per cig Cro, and up to 2,000 μg per cig Acet ([@r16], [@r27]), and while Acr induces γ-OH-PdG, both Acet and Cro can induce different isoforms of α-meth-γ-OH-PdG adducts ([@r33], [@r36]), it is puzzling as to why TS induces a higher level of γ-OH-PdG adducts than α-meth-γ-OH-PdG adducts in lung and only γ-OH-PdG in bladder. One possibility could be that, due to the volatility of Acet, with boiling point (16 °C) below ambient temperature, it is likely that the majority of Acet in MTS may not be inhaled as efficiently as Acr by mice during the whole-body exposure. We found that Acr is more efficient at inducing γ-OH-PdG adducts than Cro is in inducing α-meth-γ-OH-PdG adducts in lung epithelial cells ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)). Taken together, these two factors may contribute to the lower levels of α-meth-γ-OH-PdG adducts than γ-OH-PdG adducts formed in lung tissues and bladder mucosa of mice exposed to TS.

MTS Exposure Does Not Significantly Induce BPDE-dG and *O*^6^-medG in Lung and Bladder. {#s3}
---------------------------------------------------------------------------------------

We measured BPDE-dG adducts using an immunochemical method and the 3D-TLC method, and we quantified *O*^6^-medG adducts through both an immunochemical method and HPLC analysis ([@r33], [@r34], [@r37], [@r38]). The results in [Fig. 2](#fig02){ref-type="fig"} show that MTS does not induce BPDE-dG and *O*^6^-medG significantly in lung, heart, liver, or bladder tissues. It is worth noting that the basal levels of BPDE-dG and *O*^6^-medG adducts detected in lung, bladder, liver, and heart are 20- to 100-fold lower than the levels of PdG adducts in these organs ([Fig. 1*B*](#fig01){ref-type="fig"} vs. [Fig. 2](#fig02){ref-type="fig"}).

![Mainstream tobacco smoke (MTS) does not induce BPDE-dG and *O*^6^-meth-dG formation in lung, bladder, heart, or liver tissues. The same genomic DNAs isolated from different organs of mice exposed to MTS and fed a diet with and without PPE, as described in [Fig. 1](#fig01){ref-type="fig"}, were used for BPDE-dG and *O*^6^-medG adduct detection using an immunochemical method ([@r35], [@r67]). For simplicity, only the quantitation of DNA adduct levels is shown. Abbreviations are the same as in [Fig. 1](#fig01){ref-type="fig"}. The typical slot blot hybridization results are shown in [*SI Appendix*, Fig. S4 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental). Note: MTS did not induce a significant difference in BPDE-dG and *O*^6^-medG adduct formation in lung, bladder, heart, or liver tissues of mice compared with the FA group. PPE did not affect BPDE-dG and *O*^6^-medG adducts formation in these organs. MTS exposure significantly reduces the background *O*^6^-medG level in lung (FA vs. MTS, *P* = 0.044).](pnas.1804869115fig02){#fig02}

MTS Inhibits DNA Repair Function in Mouse Lung Tissue. {#s4}
------------------------------------------------------

Previously, we have found that Acr, Cro, and Acet not only can damage genomic DNA but also can modify repair proteins causing repair dysfunction in cultured lung and bladder epithelial cells ([@r8], [@r33], [@r35]). Since MTS contains an abundance of these aldehydes, it is possible that MTS may inhibit DNA repair function. To test this possibility, using the in vitro DNA-dependent repair synthesis assay, we measured the repair activity in cell-free cell lysates from lung and liver of mice exposed to MTS ([@r8], [@r33], [@r35]). The results in [Fig. 3 *A* and *B*](#fig03){ref-type="fig"} show that both NER and BER activity in lung tissues of MTS-exposed mice were much lower than in lung tissues of control mice. In contrast, the results in [*SI Appendix*, Fig. S2 *A* and *B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental) show no significant differences in NER and BER repair activity in liver tissues between mice with and without MTS exposure. Due to limited amounts of tissue, we were unable to similarly determine DNA repair activity in bladder mucosa.

![Mainstream tobacco smoke (MTS) causes a reduction of DNA repair capacity and levels of repair proteins, XPC, and OGG1 in lung tissues. Polyphenon E (PPE) can prevent these TS effects. Mice fed control diet and diet with PPE were exposed to filtered air (FA) and MTS, as described in [Fig. 1](#fig01){ref-type="fig"}. Cell-free cell lysates of lung tissues from these mice were prepared. The nucleotide excision repair (NER) and base excision repair (BER) capacities of the cell lysates were determined by methods previously described ([@r8], [@r34], [@r78]). (*A*) Typical autoradiograms (*Lower* panels), DNA staining (*Upper* panels) of the electrophoresed gels, and relative repair capacity for individual mouse (*Bottom*). (*B*) Quantitation of relative NER and BER activity. (*C*) The XPC and OGG1 proteins were detected by Western blots (*Upper*), and the relative protein levels were quantified (*Lower*). Abbreviations are the same as in [Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, and \*\**P* \< 0.01.](pnas.1804869115fig03){#fig03}

MTS Causes a Reduction of DNA Repair Proteins XPC and OGG1/2 in Mouse Lung Tissue. {#s5}
----------------------------------------------------------------------------------

Previously, we have found that Acr, Cro, and Acet can modify DNA repair proteins such as XPC, hOGG1/2, MLH1, and PMS2, and that the modified DNA repair proteins are degraded via an autophagosome pathway in cultured lung and bladder epithelial cells ([@r33], [@r35]). These findings raised the possibility that the reduction of NER and BER activity in lung tissues of TS-exposed mice is due to reduction of repair proteins caused by TS aldehydes. To test this possibility, we measured XPC and OGG1/2 levels in lung tissues of mice with and without MTS exposure. XPC is a major NER protein for repair of bulky DNA adducts, such as UV-induced photodimers, BPDE-dG, and PdG adducts, in genomic DNA ([@r39]); OGG1/2 is a major enzyme for repair of 8-oxo-dG DNA damage ([@r40]). The results in [Fig. 3*C*](#fig03){ref-type="fig"} show that MTS exposure caused a significant reduction of XPC and OGG1/2 protein levels in lung tissues. However, MTS exposure did not affect XPC and OGG1/2 levels in liver tissues ([*SI Appendix*, Fig. S2 *C* and *D*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)). These results indicate that either TS aldehydes do not enter into liver cells and/or liver cells have the capacity to inactivate MTS aldehydes.

PPE Prevents MTS-Induced PdG Formation and DNA Repair Inhibition in Lung and PdG Formation in Bladder Tissues. {#s6}
--------------------------------------------------------------------------------------------------------------

The results presented above indicate that aldehydes in MTS, mainly Acr, induce PdG adducts in lung and bladder tissues in vivo. MTS also inhibits NER and BER capacity in lung tissues, and this effect is most likely due to MTS aldehydes. We propose that these two outcomes of MTS exposure contribute to lung and bladder carcinogenesis. If this is correct, then it should be possible to prevent TS-induced lung and bladder cancer by neutralizing sufficient amount of TS aldehydes in vivo. It has long been recognized that the carbonyl group and the olefinic bond in Acr are the active moieties that can interact with DNA and proteins to form DNA and protein adducts ([@r41], [@r42]). These reactions can be prevented by numerous antioxidants and reducing agents with molecules that have sulfhydryl groups ([@r43][@r44]--[@r45]). We found that PPE and PP-60, polyphenols from tea extracts, which are potent antioxidants and appropriate for human consumption, can effectively prevent Acr-induced DNA adduct formation in cultured lung epithelial cells and bladder epithelial cells ([*SI Appendix*, Fig. S3 *A*, *C*, *D*, and *F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)). The results in [*SI Appendix*, Fig. S3 *B*, *C*, *E*, and *F*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental) show that PPE and PP-60 can also considerably reduce the inhibitory effects of Acr on DNA repair in cultured lung epithelial and urothelial cells.

Armed with these encouraging results, we then determined the effect of diet PPE on TS-induced PdG formation and DNA repair inhibition in mouse models. Four groups of mice, each with 10 mice, were fed with control diet (AIN93M) or diet containing 0.1% PPE (NIA93M). These mice were exposed to either MTS or filtered air (FA) for 12 wk, the same exposure protocol as described in [Fig. 1](#fig01){ref-type="fig"}. The PdG formation ([Fig. 1](#fig01){ref-type="fig"}) in lung and bladder tissue and DNA repair activity in lung tissue ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"}) were determined. The results were compared with the groups that were fed the control diet without PPE but subjected to the same MTS exposure. The results in [Fig. 1](#fig01){ref-type="fig"} show that PdG levels in lung tissues of MTS-exposed mice fed with PPE (MTS + PPE) were significantly lower than in MTS-exposed mice on control diets (MTS) (*P* \< 0.001). PdG levels in bladder tissues of MTS-exposed mice fed with PPE were also significantly lower than in MTS-exposed mice on control diet (*P* = 0.0423). These results indicate that PPE can neutralize MTS effects on PdG induction in lung and bladder tissues. [*SI Appendix*, Fig. S4*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental) shows that there was no significant difference in PdG levels in lung tissue of mice fed with control diet and PPE-enriched diet without MTS exposure, indicating that PPE does not induce PdG adducts in lung and bladder tissues in mice.

We further tested whether or not PPE can prevent the MTS-caused reduction DNA repair activity and of XPC and OGG1/2 expression. The results in [Fig. 3 *A* and *B*](#fig03){ref-type="fig"} show that PPE can also prevent MTS-induced inhibition of both NER and BER activity in lung tissue. The results in [Fig. 3*C*](#fig03){ref-type="fig"} show that, whereas the levels of XPC and OGG1/2 are significantly lower in lung tissues of MTS-exposed mice than in FA mice (MTS vs. FA), the levels of these two proteins in the lung tissue of MTS-exposed mice fed with the diet containing PPE showed no significant difference compared with mice fed the control diet without MTS exposure \[(MTS + PPE) vs. FA\]. Together, these results indicate that the PPE prevention of TS-induced DNA repair inhibition is through neutralizing TS's effects on the reduction of XPC and OGG1/2, the two crucial factors for NER and BER.

α-Meth-γ-OH-PdG and γ-OH-PdG Adducts Are the Major DNA Damage Detected in Buccal Cells and Lung Tissues of Smokers. {#s7}
-------------------------------------------------------------------------------------------------------------------

The aforementioned results demonstrate that, in a mouse model, aldehyde-derived γ-OH-PdG and α-meth-γ-OH-PdG adducts, rather than commonly believed PAH- and nitrosamine-derived DNA adducts such as BPDE-dG and *O*^6^-medG, are the major MTS-induced DNA adducts in the lung and bladder in vivo, and that MTS also inhibits DNA repair and reduces the levels of DNA repair proteins. These results raise an important question: Does TS induce these effects in human lungs in the same manner as it does in the mouse model? Simply put, does TS induce PdG rather than BPDE-dG and *O*^6^-medG adducts in human lung tissue? An insurmountable hurdle in addressing this question is the inability to obtain lung tissue, bronchoalveolar lavage, or bronchial brushing from smokers with different tobacco smoking consumption in a representative population with appropriate nonsmoking controls. We chose to use buccal cells and sputum as surrogates for lung cells. Buccal cells are the first line of cells to encounter TS exposure and have similar molecular responses to TS as airway epithelial cells and bronchial epithelial cells. Numerous studies have established a positive relationship between TS and cytological and molecular markers in lung cancer ([@r46]), and buccal cells have also been used for the early diagnosis of oral and lung cancer ([@r47][@r48]--[@r49]). Sputum consists of bronchial epithelial cells and macrophages in the lung ([@r48]). DNA adduct levels obtained from these two types of samples may thus reflect TS effects in different regions of the airway. Furthermore, a sufficient amount of buccal cells and sputum for analyzing DNA adduct formation is obtainable via oral brushing and sputum induction, which are both relatively minor procedures. Using the same immunochemical method and ^32^P-postlabeling and 2D-TLC/HPLC method as described above, we determined the PdG and BPDE-dG formation in buccal cells of individuals with different smoking and nonsmoking histories. The results in [Fig. 4](#fig04){ref-type="fig"} show that (*i*) the levels of BPDE-dG adducts in buccal cells from smokers (S) and nonsmokers (NS) show no significant differences ([Fig. 4*C*](#fig04){ref-type="fig"}); (*ii*) the levels of PdG adducts in buccal cells were significantly higher in smokers (S) than in nonsmokers (NS) ([Fig. 4*A*](#fig04){ref-type="fig"}, NS vs. S, *P* \< 0.0001) and are related to 40 smoking pack-year ([Fig. 4*B*](#fig04){ref-type="fig"}, 0 vs. 30--40, *P* \< 0.0001; 0 vs. 41--50, *P* \< 0.0001; 0 vs. \>50, *P* = 0.0007); and (*iii*) γ-OH-PdG and α-meth-γ-OH-PdG adducts were the two major types of PdG adducts detected in buccal cells from smokers ([Fig. 4*E*](#fig04){ref-type="fig"}). The results also show that the levels of PdG adducts in sputum were significantly higher in smokers than in nonsmokers ([Fig. 4*D*](#fig04){ref-type="fig"}, NS vs. S, *P* = 0.0193). In summary, these results indicate that aldehydes are the major TS agents that cause DNA damage in buccal cells and lung tissues of smokers.

![The levels of γ-OH-PdG and α-meth- γ-OH-PdG adducts, but not BPDEdG, were higher in buccal cells of tobacco smokers than nonsmokers. γ-OHPdG, α-meth-γ-OH-PdG, and BPDE-dG in buccal cells of nonsmokers (NS) (*n* = 17) and smokers (S) (*n* = 33) with different smoking history (pack-year) were determined by methods described in [Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}. (*A*) The PdG adducts was detected by the immunochemical methods. (*B*) The PdG levels in individuals with different smoking history. (*C*) Relative levels of BPDE-dG in smokers vs. nonsmokers. The PdG adducts in sputum samples of nonsmokers (NS) (*n* = 8) and smokers (S) (*n* = 22) with different smoking history were detected by the immunochemical method as described in [Fig. 1](#fig01){ref-type="fig"}, and the results were shown in *D*. (*E*) HPLC profiles of PdG adduct formed in buccal cells. Genomic DNA from buccal cells of smokers and nonsmokers were pooled for ^32^P-postlabeling and 2D-TLC/HPLC analysis as in [Fig. 1](#fig01){ref-type="fig"}. Note: (*i*) Due to the limited number of sputum samples collected, the PdG adducts were not analyzed by ^32^P-postlabeling, 2D-TLC/HPLC. (*ii*) The ratio of γ-OH-PdG to α-meth-γ-OHPdG detected in buccal cells of smokers is similar to that detected in lung tissues of mice exposed to MTS (8-9:1). \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.001, and \**P* \< 0.05.](pnas.1804869115fig04){#fig04}

We also determined the DNA adduct formed in noncancerous lung tissues obtained from lung lobectomy of lung cancer patients of tobacco smokers (*n* = 41) and lung tissues from nonsmokers (*n* = 13). The results in [Fig. 5](#fig05){ref-type="fig"} show that the levels of γ-OH-PdG and α-meth-γ-OH-PdG adducts in lung tissues of smokers are significantly higher than in nonsmokers, and that the levels of α-meth-γ-OH-PdG are higher than γ-OH-PdG. However, the levels of BPDE-dG and *O*^6^-medG are similar in the lung tissues of smokers and nonsmokers. It is worth noting that the basal levels of BPDE-dG and *O*^6^-medG are significantly lower than the levels of γ-OH-PdG and α-meth-γ-OH-PdG in lung tissues of both smokers and nonsmokers. Similar results were observed in TS-exposed mice ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). These results indicate that TS induces mainly γ-OH-PdG and α-meth-γ-OH-PdG in smokers' lung tissues.

![Quantitations of α-OH-PdG, γ-OH-PdG, α-meth-γ-OH-PdG, BPDEdG, and *O*^6^-medG adduct in human lung tissues. Lung tissue samples were obtained from 13 nonlung cancer patients of nonsmokers (N) and 41 lung cancer patients who were smokers (S). Only nontumor lung tissue samples from smoker lung patients were used for DNA adduct detection. Methods for DNA adduct detection are the same as described in [Figs. 1](#fig01){ref-type="fig"}, [2](#fig02){ref-type="fig"}, and [4](#fig04){ref-type="fig"}.](pnas.1804869115fig05){#fig05}

Acr Exerts Dominant and Inhibitory Effect on BP- and NNK-DNA Adduct Induction in Lung and Bladder Epithelial Cells. {#s8}
-------------------------------------------------------------------------------------------------------------------

Lung and bladder epithelial cells contain a variety of cytochrome p450s (CYPs) that can metabolically activate PAHs, including BP, into epoxide forms that can effectively adduct DNA ([@r11], [@r50][@r51]--[@r52]). CYPs in lung and urothelial cells can also metabolize nitrosamines into metabolites that can spontaneously degrade into pyridyl-butanoic acid derivatives, formaldehyde, as well as methyldiazohydroxide, which can methylate DNA ([@r11], [@r53]). Why then did MTS not induce BPDE-dG and *O*^6^-medG adducts in the lung tissue and bladder mucosa of mice and in human lung tissue? Aldehydes such as Acr, Cro, and Acet can cause protein dysfunction by modifying the proteins ([@r50][@r51]--[@r52]). Perhaps TS aldehydes inhibit the activation of BP and nitrosamines via modification of CYP proteins. To test this possibility, we determined the effect of Acr exposure on BP- and NNK-induced DNA adduct formation in human lung epithelial and urothelial cells. The results in [Fig. 6](#fig06){ref-type="fig"} show that, by themselves, BP can induce BPDE-dG and NNK can induce PdG and *O*^6^-medG adducts. However, in the presence of Acr, the ability of BP to induce BPDE-dG adducts and the ability of NNK to induce *O*^6^-medG adducts were greatly reduced. In fact, only PdG adducts were observed in cells treated with the combination of BP and Acr ([Fig. 6 *C*, *D*, *G*, and *H*](#fig06){ref-type="fig"}). These results indicate that Acr can inhibit BP and NNK from becoming DNA-damaging agents. Therefore, our results suggest that the most likely reason MTS does not induce BPDE-dG and *O*^6^-medG adducts in lung and bladder tissues of exposed mice and in human lung tissues is that, in these tissues, Acr in MTS inhibits the CYP enzymes, which are necessary for the activation of PAHs and nitrosamines to become DNA-damaging agents.

![Acr prevents BP and NNK from inducing DNA damage. Human lung epithelial BEAS-2B cells (*A*--*D*) and urothelial UROtsa cells (*E*--*H*) were treated with (*A* and *E*) NNK (1× = 75 μM and 2× = 150 μM) or (*C* and *G*) BP (1× = 25 μM and 2× = 50 μM) in the presence and absence of Acr (1× = 75 μM) for 1 h. (*A*, *C*, *E*, and *G*) The relative levels of BPDE-dG, *O*^6^-medG, and PdG adducts were determined by the immunochemical method shown in [Fig. 1](#fig01){ref-type="fig"}. (*B*, *D*, *F*, and *H*) Quantification results. Symbols: (I), (II), (III), (IV), (V), and (VI) on the *x* axis of *B*, *D*, *F*, and *H* represent different treatments as shown in *A*, *C*, *E*, and *G*. Note: Acr significantly reduced BP- and NNK-induced BPDE-dG and *O*^6^-medG adduct formation. \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05. NNK also reduced Acr-induced PdG formation ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)).](pnas.1804869115fig06){#fig06}

Discussion {#s9}
==========

TS contains more than 60 known human carcinogens including PAHs, heterocyclic hydrocarbons, aromatic amines, and nitrosamines ([@r12], [@r14]). The mutagenicity, as well as carcinogenicity, in animal and cultured cell models of many TS carcinogens, particularly BP and NNK, are well established ([@r12], [@r14]). BP is a ubiquitous contaminant and a strong carcinogen in animal models ([@r29], [@r30], [@r39]). BPDE, a major electrophilic metabolite of BP, is a potent DNA-damaging agent and mutagen ([@r29], [@r30], [@r39]). It induces G-to-T transversion mutations similar to TS-induced mutations in the p53 gene ([@r6], [@r54]). BPDE, as well as other epoxide forms of PAHs, induce DNA damage in the p53 gene in human lung cells, preferentially at the TS-related lung cancer p53 mutational hot spots ([@r55], [@r56]). NNK by itself is a strong carcinogen in animal models; it induces tumors in different organs including the lungs ([@r14]). Hence, PAHs and nitrosamines, particularly BP and NNK, have been accepted as major causes for TS-related cancers ([@r11][@r12][@r13]--[@r14], [@r24], [@r30], [@r50]).

It is therefore puzzling that no BPDE-dG and *O*^6^-medG adducts were found in the lung and bladder tissue of mice exposed to MTS ([Figs. 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). Similar results have been found in mice exposed to side-stream TS, which is responsible for 20--30% of TS-related cancers and heart diseases ([@r57][@r58][@r59]--[@r60]). However, BPDE-dG and *O*^6^-medG adducts were observed in lung tissues of mice exposed to BP or NNK alone exhibiting higher levels than those exposed to MTS ([@r25], [@r61]). We found that, indeed, BP and NNK can induce PdG and *O*^6^-medG, respectively, in human lung and bladder epithelial cells. Therefore, induction of BPDE-dG and *O*^6^-medG adducts are most likely a major carcinogenic mechanism in BP and NNK carcinogenesis. However, we also found that Acr can greatly inhibit this DNA damage induction effect of BP and NNK in human cells ([Fig. 6](#fig06){ref-type="fig"}). The total amount of TS aldehydes including Acr, Cro, Acet, and formaldehyde, is 10,000-fold more than PAHs and nitrosamines ([@r14]). We propose that aldehydes in TS, because of their abundance and capability to adduct proteins, inhibit CYP enzyme activities, which are necessary for the metabolism of PAHs and NNK to reactive forms that are able to adduct genomic DNA ([Fig. 6](#fig06){ref-type="fig"}). In fact, several reports have shown that Acr can inhibit the function of CYP enzymes ([@r62][@r63]--[@r64]).

It is well established that γ-OH-PdG and α-meth-γ-OH-PdG adducts are mutagenic, and that aldehydes can reduce DNA repair capacity ([@r8], [@r34], [@r41]). Furthermore, it has been found that Acet, Cro, and formaldehyde can induce tumors in animal models ([@r65][@r66]--[@r67]). Although the extremely high cardiopulmonary toxicity of Acr to mice has hampered the full evaluation of its lung carcinogenicity, it has been shown that, in combination with uracil, Acr also can induce bladder tumors in animals ([@r68]). Based on these results, we propose a paradigm for TS carcinogenesis: TS aldehydes such as Acr, Acet, formaldehyde, and Cro are the major TS lung and bladder carcinogens; their carcinogenicity is via induction of DNA damage, mainly γ-OH-PdG and α-meth-γ-OH-PdG adducts, and inhibition of DNA repair mechanisms including NER, BER, and mismatch repair. The abundance of aldehydes in TS also effectively prevents the metabolic activation process of the relatively small amount of TS procarcinogens such as PAHs, nitrosamines, aromatic amines, heterocycle hydrocarbons, and benzene, all of which require metabolic activation by CYPs to become carcinogenic DNA-damaging agents. Consequently, TS carcinogenicity is mainly a manifestation of aldehyde carcinogenicity, rather than an additive result of all TS carcinogens.

It is worth noting that the distribution of Acr-induced DNA damage in the p53 gene of human bronchial epithelial cells coincides with the p53 mutational spectrum of TS-related lung cancer and that the percentage of G-to-T and G-to-A mutations induced by Acr is similar to those found in the p53 gene of human lung cancer patients ([@r8], [@r41], [@r54]). It has been found that the level of γ-OH-PdG adducts is 30--40 times higher than 4-aminobiphenyl-DNA adducts in normal human urothelial mucosa ([@r35]).

Our results raise the intriguing question of why the PdG adducts are not formed in heart and liver, but only in lung and bladder. The lung is the first major organ exposed to TS; therefore, lung cells are subjected to damage from all aldehydes in inhaled TS. Upon entering the bloodstream, we believe that the aldehydes are quickly conjugated with proteins in blood and that these protein-conjugated aldehydes are no longer able to enter cells in other organs such as the heart and liver. The protein-conjugated aldehydes in the bloodstream eventually are reversed into aldehydes and protein in the renal system and are then excreted in the urine. Therefore, bladder tissue is also exposed to the concentrated aldehydes in urine, which induce PdG in bladder cells. It should be noted that only γ-OH-PdG adducts are detected in human bladder mucosa ([@r35]). Why are only γ-OH-PdG adducts formed in bladder tissue? We found that the ability of Cro to induce PdG in urothelial cells in urine is less than one-third that in the Tris-buffer condition. In contrast, Acr's ability to induce PdG in urine is similar, if not identical, to its ability in Tris-buffer conditions ([*SI Appendix*, Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)).

Since MTS is inhaled directly into the aerodigestive system of smokers, human buccal cells and lung tissues are exposed to Acet and Cro, as well as Acr, which induce α-meth-γ-OH-PdG and γ-OH-PdG adducts, respectively ([@r8], [@r32], [@r36]). TS contains a fourfold higher amount of Acet and Cro than Acr ([@r69]). However, we found that the levels of γ-OH-PdG are eightfold to ninefold higher than the levels of α-meth-γ-OH-PdG in buccal cells of smokers, as well as in lung tissue of mice subjected to whole-body MTS exposure. We believe that since the boiling point of Acet is much lower than ambient temperature, a major portion of Acet in TS escapes from absorption by smokers, and that Cro is less efficient than Acr in inducing DNA adducts. We found that the levels of α-meth-γ-OH-PdG are slightly higher than the levels of γ-OH-PdG in lung tissues of smokers, although the reason is unclear. We found that the relative levels of these two types of PdG in buccal cells and lung tissues of smokers are different. The cause for this difference is unclear.

Our results that TS does not induce PdG, BPDE-dG, or *O*^6^-medG adducts in liver tissue raise two important possibilities: First, TS-related liver cancer is not caused by aldehydes, BP, or NNK; and second, TS-related cancers in different organs may be caused by different carcinogens in TS. If these possibilities are correct, then it is necessary to determine the types of DNA damage induced by TS in different organs to design effective cancer preventive measures.

Last, but not least, our results indicate not only that PPE is effective in eliminating the effect of TS on inducing DNA damage in mouse lung and bladder tissues but also that it is effective in inhibiting DNA repair activity and reducing the abundance of repair protein in lung tissues. Similarly, polyphenols can greatly reduce the effect of Acr in DNA adduct induction and repair inhibition in cultured human lung and bladder epithelial cells. These results raise the possibility that polyphenols may be able to prevent TS-induced lung and bladder cancer. It is worth noting that epidemiology studies have suggested that tea consumption reduces lung cancer risk ([@r70][@r71]--[@r72]).

In 2015, there were 36.5 million tobacco smokers in the United States alone ([@r73]). Smokers are not the only people who are exposed to TS; innocent bystanders and family members of smokers are also exposed to TS. We found that side-stream TS also induces DNA damage and inhibition of DNA repair the same as MTS does ([@r34]). For the foreseeable future, TS will remain a major cause of human cancer. Our findings that aldehydes, rather than the PAHs and nitrosamines, are the major agents that induce DNA damage and inhibit DNA repair, the two carcinogenic mechanisms, provide crucial insights not only for cancer risk assessment but also for the design of clinically effective preventive measures for reducing TS-related cancers.

Similar to TS effects, we recently have found that electronic-cigarette smoke (ECS) induces γ-OH-PdG and *O*^6^-medG in lung, heart, and bladder tissues, but not in liver tissue, and reduces DNA repair activity in lung tissue in the same mouse model with the same 12-wk exposure time ([@r74]). It should be noted that, whereas TS-induced DNA damage and repair inhibition are via the aldehydes in TS, which result from the incomplete combustion of tobacco leaves, ECS-induced DNA damage and repair inhibition are via aldehydes resulting from nitrosation, metabolism, and degradation of nicotine ([@r74]). These results indicate that the amount of TS and ECS consumption is most likely an important factor in determining the levels of DNA damage induction and DNA repair inhibition. These two effects, however, can serve as valuable parameters for assessing the relative harmful effects of TS and ECS.

Materials and Methods {#s10}
=====================

Mice and Diet Supplement with PPE. {#s11}
----------------------------------

Forty mice (male FVBN mice; 8 wk old; purchased from Charles River) were randomized into four groups (A, B, C, and D) with 10 mice in each group. Two groups (A and B) of mice were fed the AIN93M diet containing 0.1% PPE (NIA93M), and the other two groups (C and D) were fed the AIN93M diet as control. PPE was a gift from Dr. Yukihiko Hara (Mitsui Norin Company, Tokyo, Japan). The diet was prepared by Research Diets.

Exposure of Mice to MTS. {#s12}
------------------------

The details of MTS and FA exposure method are as previously described ([@r75][@r76]--[@r77]). In brief, mice were exposed to MTS (groups A and D) or FA (groups B and C) 6 h/d, 5 d/wk for 12 wk. The MTS (∼75 mg/m^3^) was generated with an automated cigarette-smoking machine (CH Technologies), using 2R4F cigarettes (Kentucky Tobacco Research and Development Center). Three cigarettes were lit at a time, with an automatically regulated piston pump (2-s puff of 35-mL volume once per min) to produce MTS. The MTS produced from the cigarette was diluted by FA and introduced into a 1.3-m^3^ stainless-steel chamber for animal exposure ([@r75][@r76]--[@r77]). Mice were killed 24 h after the last exposure. The lung, heart, liver, and bladder were collected from each animal and immediately frozen at −80 °C.

Genomic DNA Isolation and Cell Lysate Preparation. {#s13}
--------------------------------------------------

Genomic DNAs were isolated from lung, bladder, liver, and heart, as previously described ([@r34]). Cell-free cell lysates were prepared from lung tissues, as previously described ([@r8], [@r33], [@r78]).

DNA Damage and DNA Repair Function. {#s14}
-----------------------------------

The levels of DNA damage (PdG, BPDE-dG, and *O*^6^-medG adducts) in lung, liver, heart, and bladder and the DNA repair capacity (NER and BER) in the lung tissues of all four groups of mice were determined. PdG adducts were determined by an immunochemical method and ^32^P postlabeling, followed by 2D-TLC/HPLC analysis, as described ([@r32][@r33]--[@r34]) ([*SI Appendix*, *Supplementary Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)). BPDE-dG adducts were determined by an immunochemical method and a 3D-TLC method ([@r33], [@r34]) ([*SI Appendix*, *Supplementary Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1804869115/-/DCSupplemental)). *O*^6^-medG adducts were determined by an immunochemical method and confirmed by an HPLC method ([@r37], [@r38]). The NER and BER capacity in cell lysates isolated from lung tissues was measured by their capacity to carry out DNA damage-dependent repair synthesis using ^32^P-labeled dNTP as precursors and supercoiled DNA with UV- or H~2~O~2~-induced DNA damage as substrates as previously described ([@r8], [@r33], [@r78]).

Detection of DNA Repair Proteins. {#s15}
---------------------------------

The effects of MTS exposure on the NER- and BER-related XPC and OGG1 protein levels in lung tissues were determined as previously described ([@r33], [@r34]).

Treatment of Human Bronchial Epithelial and Urothelial Cells with Acr and Polyphenols. {#s16}
--------------------------------------------------------------------------------------

Immortalized human bronchial epithelial cells BEAS-2B and urothelial cells UROtsa were pretreated with different concentrations of PPE (0, 20, 80, and 160 µg/mL) and PP-60 (0, 20, 40, and 80 µg/mL; Sigma) for 1 h at 37 °C. The medium was removed and replaced with fresh medium containing Acr (10 µM), and the cells were incubated for 1 h at 37 °C. The DNA repair activity and PdG formation in these cells were determined as described above ([@r33][@r34]--[@r35], [@r78]).

Effect of Acr on BP-Induced BPDE-dG Formation and on NNK-Induced *O*^6^-medG Formation in Human Lung Epithelial Cells and Urothelial Cells. {#s17}
-------------------------------------------------------------------------------------------------------------------------------------------

Human bronchial epithelial cells, BEAS-2B, and urothelial cells, UROtsa, with and without preincubation with Acr (75 µM) were incubated with BP (25 or 50 µM) or NNK (75 or 150 µM) for 1 h. BPDE-dG, PdG, and *O*^6^-medG adducts formed in the genomic DNA were detected by the immunochemical method as described ([@r33][@r34]--[@r35]).

Human Buccal Cells and Sputum. {#s18}
------------------------------

Buccal mucosa were collected using a cytologic brush, as described ([@r79]), per an approved IRB protocol. Sputum samples were collected by the method described ([@r80]). Collected buccal cells and sputum samples were immediately frozen at −80 °C. All subjects were free of lung cancer at the time of the initial screening. The smoking histories (pack-year) of these patients were based on patients' report. The method for purifying genomic DNA from buccal cells and sputum was the same as previously described ([@r81]).

Lung Tissues and Genomic DNA Isolation. {#s19}
---------------------------------------

The "normal lung tissue" samples from lung cancer patients of smokers (*n* = 41) were obtained from the marginal tissues that were free of tumors, as determined by surgeons, of surgical resected lung tumor. The lung tissue samples of non-lung cancer patients (*n* = 13) were obtained from the Lung Tissue Research Consortium of the National Heart Lung and Blood Institute under the National Institutes of Health (NIH). The lung tissues were dissected into small pieces on ice and used Dounce-type homogenizer with cell lysis buffer to loosen tissue cells. The method for purifying genomic DNA from these tissues was the same as previously described ([@r34]).

Effect of NNK on Acr-Induced PdG Formation. {#s20}
-------------------------------------------

To determine the effect of NNK on Acr-induced PdG formation, different concentrations of NNK (0, 37.5, 75, 150, and 225 µM) were incubated with Acr (0.1 mM) in the presence of human genomic DNA in Tris buffer; the PdG adducts were detected by the immunochemical method, as described above ([@r33]).

Statistical Analysis. {#s21}
---------------------

All statistical analyses were performed using Microsoft Excel and the statistical software GraphPad Prism 7. The geometric means were compared between different sample groups using two-sided Student's *t* tests.
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